NFAT transcription factors are highly phosphorylated proteins residing in the cytoplasm of resting cells. Upon dephosphorylation by the phosphatase calcineurin, NFAT proteins translocate to the nucleus, where they orchestrate developmental and activation programs in diverse cell types. NFAT is rephosphorylated and inactivated through the concerted action of at least 3 different kinases: CK1, GSK-3, and DYRK. The major docking sites for calcineurin and CK1 are strongly conserved throughout vertebrate evolution, and conversion of either the calcineurin docking site to a high-affinity version or the CK1 docking site to a low-affinity version results in generation of hyperactivable NFAT proteins that are still fully responsive to stimulation. In this study, we generated transgenic mice expressing hyperactivable versions of NFAT1 from the ROSA26 locus. We show that hyperactivable NFAT increases the expression of NFAT-dependent cytokines by differentiated T cells as expected, but exerts unexpected signal-dependent effects during T cell differentiation in the thymus, and is progressively deleterious for the development of B cells from hematopoietic stem cells. Moreover, progressively hyperactivable versions of NFAT1 are increasingly deleterious for embryonic development, particularly when normal embryos are also present in utero. Forced expression of hyperactivable NFAT1 in the developing embryo leads to mosaic expression in many tissues, and the hyperactivable proteins are barely tolerated in organs such as brain, and cardiac and skeletal muscle. Our results highlight the need for balanced Ca/NFAT signaling in hematopoietic stem cells and progenitor cells of the developing embryo, and emphasize the evolutionary importance of kinase and phosphatase docking sites in preventing inappropriate activation of NFAT. T he activities of many signaling proteins and transcription factors are tightly regulated by phosphorylation and dephosphorylation. Protein kinases and phosphatases bind to specific docking sites on these intracellular proteins to allow their activation or inactivation at the appropriate location and time. A well-studied example of a transcription factor regulated in this fashion is nuclear factor of activated T cells (NFAT) (1-3). In resting cells, NFAT proteins are highly phosphorylated and reside in the cytoplasm; upon cell activation, they are dephosphorylated by the calcium/calmodulindependent phosphatase calcineurin and translocate to the nucleus. NFAT transcription factors play a key role in orchestrating diverse developmental programs, including those of the immune, central nervous, cardiovascular, and musculoskeletal systems (4-11). NFAT also is implicated in maintaining the quiescent state of stem cells in the skin (12).
T he activities of many signaling proteins and transcription factors are tightly regulated by phosphorylation and dephosphorylation. Protein kinases and phosphatases bind to specific docking sites on these intracellular proteins to allow their activation or inactivation at the appropriate location and time. A well-studied example of a transcription factor regulated in this fashion is nuclear factor of activated T cells (NFAT) (1) (2) (3) . In resting cells, NFAT proteins are highly phosphorylated and reside in the cytoplasm; upon cell activation, they are dephosphorylated by the calcium/calmodulindependent phosphatase calcineurin and translocate to the nucleus. NFAT transcription factors play a key role in orchestrating diverse developmental programs, including those of the immune, central nervous, cardiovascular, and musculoskeletal systems (4) (5) (6) (7) (8) (9) (10) (11) . NFAT also is implicated in maintaining the quiescent state of stem cells in the skin (12) .
NFAT activation is initiated by dephosphorylation of the NFAT regulatory domain, a conserved 300-amino acid region located N-terminal to the DNA-binding domain (Fig. 1A) (2, 13) . The phosphorylated residues (serines) in this domain are distributed among several classes of conserved serine-rich sequence motifs (14, 15) , and their phosphorylation status is maintained by the concerted action of at least 3 families of kinases: CK1, GSK3, and DYRK (16) (17) (18) (19) (20) . We have shown previously that enzyme-substrate docking interactions are required for efficient dephosphorylation of the NFAT1 regulatory domain by calcineurin (21, 22) and for efficient phosphorylation of the SRR-1 motif by CK1 (20) . The major docking sites for calcineurin and CK1 are located near the N terminus of NFAT (Fig. 1 A) , are conserved among NFAT proteins, and fit the consensus sequences PxIxIT and FxxxF, respectively (20) (21) (22) (Fig. 1B) . Substitution of the calcineurin docking sequence, SPRIEIT, with its high-affinity variant, HPVIVIT, and substitution of the CK1 docking sequence, FxxxF, with a low-affinity version, ASILA, both result in partial nuclear localization of NFAT1 in a manner that is still inhibited by CsA (20, 21) . Thus, these mutant NFAT1 proteins are not constitutively (i.e., irreversibly) activated, but are hypereactive relative to wild-type NFAT1 in that they remain responsive to stimulation.
Here, we have examined the effects of increased Ca/NFAT signaling by generating transgenic mice conditionally expressing different hyperactivable mutants of NFAT1 from the ROSA26 (R26) locus. We demonstrate that progressively hyperactivable NFAT1 proteins are increasingly deleterious during early embryonic development and the development of hematopoietic stem cells into T and B cell lineages. We also show that low-level ectopic expression of hyperactivable NFAT1 in the early embryo leads to mosaicism in many tissues and is barely tolerated in organs such as brain, heart, and skeletal muscle, where NFAT function is known to be essential. In contrast, expression of hyperactivable NFAT1 proteins at a late stage of T cell differentiation is well tolerated and leads to a hyperresponsive phenotype in peripheral T cells. Taken together, our data provide strong evidence for the necessity of balanced Ca/NFAT signaling in progenitor cells of the developing embryo as well as in lymphocyte development, and shed new light on the importance of the evolutionary conservation of phosphatase and kinase docking sites in preventing inappropriate activation of the Ca/NFAT signaling pathway.
Results
Mutation of Conserved Docking Sites for Calcineurin and CK1 Makes NFAT Hyperactivable. To assess the biological consequences of increased NFAT signaling in different tissues, we generated hyperactivable mutants of NFAT1. Previous studies have used NFAT proteins bearing alanine substitutions in phosphorylated serines in the regulatory domain, which are constitutively and irreversibly active (9, 15, 23) . Instead, we chose to generate hyperactivable, stimulus-responsive versions of NFAT1 by mutating the CK1 and calcineurin docking sites to lower and higher affinities, respectively. The conserved CK1 docking site (FSILF in NFAT1) was altered to the low-affinity docking version ASILA (20) , yielding ASILA-NFAT1 (abbreviated A-NFAT1); the conserved calcineurin docking site (SPRIEITPS in NFAT1) was altered to the high-affinity version HPVIVITGP (22) , yielding VIVIT-NFAT1 (abbreviated V-NFAT1); and both mutations were combined to yield a protein expected to be even more responsive to stimulation (ASILA-VIVIT-NFAT1, abbreviated AV-NFAT1). When tested by transient transfection into HEK293 cells, the hyperactivable mutants were increasingly dephosphorylated relative to wild-type NFAT1, in the expected order A-NFAT1 Ϸ V-NFAT1 Ͻ AV-NFAT1 (Fig.  1C) . We confirmed that the mutants were hyperactivable, not constitutively active, by retrovirally expressing them in CD8 T cells from NFAT1 Ϫ/Ϫ mice (24) (Fig. 1D, Fig. S1 ). When stimulated with PMA plus increasing concentrations of the calcium ionophore ionomycin, T cells expressing the hyperactivable NFAT1 mutants exhibited a clear shift, relative to cells expressing wild-type NFAT1, in their dose-response curve for expression of the cytokines IFN-␥ and TNF, with the order of responsiveness being AV Ͼ V Ͼ A Ͼ wild type. Cytokine expression was strictly dependent upon stimulation and was fully inhibited by the calcineurin inhibitor cyclosporine A (CsA).
Hyperactivable NFAT1 Proteins Are Deleterious During Early Embryonic Development. To examine the effects of expressing the hyperactivable proteins in different cellular lineages in vivo, we generated transgenic mice conditionally expressing V-NFAT1 and AV-NFAT1 from the ROSA26 (R26) locus (25) (Fig. S2) . In these mice, one or both alleles of the ROSA26 gene are replaced by a floxed cassette containing a neomycin-resistance (Neo R ) gene and 3 tandem transcriptional stop sites (abbreviated STOPflox), followed immediately by the hyperactivable V-NFAT1 or AV-NFAT1 transgene. Expression of the hyperactivable proteins is controlled by Cre-mediated excision of the STOPflox cassette, and it can be monitored at a single-cell level by concomitant expression of EGFP from an internal ribosome entry site (IRES) (26) . As a control, we used R26 STOPflox-YFP reporter mice (27) .
As a first step in the analysis, male mice of all 3 lines were bred to female CMV-Cre transgenic mice (deleter mice) (28) . The Cre transgene in this strain is under transcriptional control of a human cytomegalovirus minimal promoter and is expressed transiently during early embryogenesis (before implantation), leading to deletion of loxP-flanked gene segments in all tissues, including germ cells (Fig. S3) . Because the Cre transgene in this strain is X-linked (28), female CMV-Cre transgenic mice were used for all crosses; this avoids the problem that the paternal X chromosome is inactivated before implantation, reactivated in blastocysts, and randomly inactivated in somatic tissues thereafter (29) (30) (31) (32) (33) . In contrast, offspring of female CMV-Cre transgenic mice carry the Cre transgene on their maternal X chromosome, which is consistently active before blastocyst implanation (29, 30) .
Unexpectedly, we found that widespread expression of AV-NFAT1 in vivo was deleterious to embryonic development, with V-NFAT1 having a lesser effect. We bred heterozygous male R26 STOPflox-V-NFAT1 /R26 ϩ or R26 STOPflox-AV-NFAT1 /R26 ϩ mice to homozygous female CMV-Cre Cre/Cre (deleter) mice. Mendelian genetics predict that 50% of the offspring would have the genotype R26 V-NFAT1 /R26 ϩ , CMV-Cre or R26 AV-NFAT1 /R26 ϩ , CMV-Cre [i.e., possess 1 copy of the wild-type ROSA26 allele (R26 ϩ ), 1 copy of the expressible version of the hyperactivable NFAT1 in which the Neo R -STOP cassette has been deleted, and 1 copy of the Cre transgene], whereas the other 50% would have the genotype R26 ϩ /R26 ϩ , CMV-Cre (Fig. S4A ). Instead, we observed an increasing competitive disadvantage in utero for pups capable of expressing hyperactivable NFAT1 ( Fig. 2 A and B) . Instead of the 50% expected, Ϸ43% of the offspring of R26
STOPf lox-V-NFAT1 /R26 ϩ ϫ CMV-Cre Cre/Cre breedings possessed an R26 V-NFAT1 allele, and fewer than 10% of the offspring of R26
STOPflox-AV-NFAT1 /R26 ϩ ϫ CMV-Cre Cre/Cre breedings possessed an R26 AV-NFAT1 allele capable of driving expression of hyperactivable NFAT1 ( Fig. 2A ). In line with these observations, litter sizes decreased progressively in the offspring of these crosses (R26 YFP Ͼ R26 V-NFAT1 Ͼ R26 AV-NFAT1 ; Fig. 2B ), emphasizing the dependence of the deleterious effect on the degree of hyperactivability of the transgenic proteins. To further delineate the effects of hyperactivable NFAT1 in utero, we performed the crosses in the opposite direction and did timed pregnancy experiments. We bred homozygous male R26 STOPflox-AV-NFAT1 /R26 STOPflox-AV-NFAT1 mice to heterozygous female CMV-Cre Cre/ϩ mice and analyzed the offspring of the pregnant females at embryonic day 18.5. Again, 50% of the offspring were expected to express Cre and delete the Neo R -STOP cassette, therefore becoming capable of expressing the hyperactivable NFAT1 (genotype R26 AV-NFAT1 /R26 ϩ ). However, the average fraction of viable embryonic day 18.5 embryos carrying the expressible AV-NFAT1 transgene was again significantly lower than expected from Mendelian genetics (50% expected, 30% observed), and multiple dead, involuted embryos were seen ( Fig.  2C and S4B ). These results indicate that mice globally expressing hyperactivable V-NFAT1 or AV-NFAT1 have a survival disadvantage and are not competitive with their littermate controls in utero. This is not due to deleterious effects of expression of the Cre transgene (34) (see SI Text). We monitored germ line transmission of the hyperactivable NFAT1 alleles by breeding mosaic animals carrying the recombined R26 locus (R26 V-NFAT1 /R26
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ϩ , CMV-Cre or R26 AV-NFAT1 /R26
ϩ , CMV-Cre) to wild-type C57BL/6 mice (Fig.  S5) . The expressed V-NFAT1 transgene was transmitted to offspring at a significantly lower frequency than expected (50% expected, 26% observed), and the recombined AV-NFAT1 allele was never transmitted through the germ line. Thus, there is efficient germ-line selection against hyperactivable NFAT1 proteins in a manner that correlates with their degree of hyperresponsiveness.
Expression of Hyperactivable NFAT1 Leads to Mosaicism in Many
Tissues and Is Not Tolerated in Brain, Heart, and Skeletal Muscle. We attempted to force expression of hyperactivable NFAT1 by breeding homozygous R26 V-NFAT1 or R26
AV-NFAT1 mice to homozygous CMV-Cre mice. All of the offspring of these crosses are expected to possess the STOPf lox cassette-deleted R26 V-NFAT1 or R26
AV-NFAT1 allele, and so should be capable of expressing the hyperactivable NFAT1. The crosses yielded live offspring that appeared phenotypically normal. Consistent with the deleterious effects documented above, however, litter sizes in these breedings were increasingly compromised compared with litters bearing the expressible R26 YFP transgene (Fig. 2D) .
Remarkably, expression of hyperactivable NFAT1 was mosaic in many tissues of surviving R26 V-or AV-NFAT1 /R26
ϩ , CMV-Cre mice, and it seemed not to be tolerated in others. Circulating T and B cells showed increasingly mosaic expression of hyperactivable V-NFAT1 or AV-NFAT1, as judged by expression of the linked EGFP ( Fig.  3A; representative primary data are shown in Fig. S6 ). Breeding of homozygous R26
STOPflox-YFP /R26 STOPflox-YFP control mice to homozygous CMV-Cre Cre/Cre mice resulted in stop cassette excision and transgene expression in close to 100% of T and B cells in the AV-NFAT1 /R26 ϩ , CMV-Cre mice showed transgene expression in only 0-30.8% of T and B cells (median, 5.3-9.4%; n ϭ 21; Fig. 3A and Fig. S6) . Again, therefore, the degree of mosaicism correlated with the degree of hyperactivability of the transgenic NFAT1 proteins.
We subsequently assessed the level of transgene expression in different tissues by immunohistochemistry. EGFP expression was detected in kidneys, lung, and spleens of R26 V-NFAT1 /R26 ϩ , CMVCre and R26 AV-NFAT1 /R26
ϩ , CMV-Cre mice, with staining generally being more pronounced and involving a larger fraction of cells in V-NFAT1-expressing relative to AV-NFAT1-expressing mice ( Fig. 3 B and C) . Even in R26 V-NFAT1 /R26
ϩ , CMV-Cre mice, however, there was a notable absence of EGFP staining in brain, heart, and skeletal muscle, suggesting that cells expressing even the less-hyperactivable V-NFAT1 protein were not competitive in populating these organs (Fig. 3D) . We confirmed that EGFP expression was tightly linked to expression of hyperactivable NFAT1 from the ROSA26 locus (see SI Text and Fig. S7 ).
Signal-Dependent Effects of Hyperactivable NFAT1 on T Cell Development in the Thymus. We further investigated the effect of AV-NFAT1 on hematopoietic stem cell differentiation down the T and B cell lineages by monitoring the extent of mosaicism in different precursor populations of R26 AV-NFAT1 /R26
ϩ , CMV-Cre mice. We chose mice expressing different levels of EGFP in peripheral B and T cell populations, then analyzed bone marrow cells and thymocytes by flow cytometry for EGFP expression in hematopoietic stem cells, common lymphocyte precursors, and cells at different stages of B and T cell differentiation. The range of EGFP expression in hematopoietic stem cells was 8.6-56.7% (n ϭ 5). In all animals, the fraction of cells expressing AV-NFAT1 declined gradually from hematopoietic stem cells to mature B lymphocytes in the B cell lineage (Fig. 4A) , with expression being Ϸ3 times higher in the earliest progenitor populations. In contrast, in the T cell lineage, a similar gradual decline of AV-NFAT1 expression was overlaid by peaks corresponding to the expression of the pre-TCR (DN1-to-DN2 transition) and the TCR (DN4-to-DP transition; Fig. 4B ) (35) . These results strongly suggest that expression of hyperactivable NFAT1 in developing thymocytes modulates the strength of pre-TCR and TCR signaling so as to affect the proliferation and/or survival of T cells making these transitions. To evaluate the effects of hyperactivable NFAT1 at a late stage of differentiation, we bred the R26-transgenic mice to CD4-Cre mice (36) . These mice express the Cre recombinase under control of the CD4 promoter; thus, Cre is expressed beginning at the late ''doublepositive'' stage of thymocyte differentiation, when both CD4 and CD8 are expressed, resulting in efficient excision of floxed DNA segments in all peripheral T cells. More than 95% of peripheral CD4 and CD8 T cells from these mice were EGFP ϩ , indicating that there was no selection against expression of the hyperactivable NFAT1 transgenes at the double-positive stage (Fig. 5A) . As expected from earlier retroviral transduction experiments (Fig.  1D) , T cells from the mice showed significant hyperresponsiveness to stimulation, as assessed by accelerated nuclear translocation and delayed nuclear export of NFAT (Fig. 5B) , as well as substantially increased cytokine expression upon stimulation with low concentrations of stimulus (Fig. 5C) . We took advantage of the uniform expression to document that in these T cells, the expression levels of hyperactivable NFAT1 from the ROSA26 locus were substantially lower than those of endogenous NFAT1 (Fig. S8) . Thus, the observed effects are due to hyperresponsiveness of the mutant proteins rather than mere overexpression.
Discussion
To summarize, we have shown that low-level ectopic expression of hyperactivable NFAT1 proteins has severe effects on progenitor cell function during embryonic and hematopoietic development in the mouse. In the first generation, when R26 V-NFAT1 /R26 ϩ or R26 AV-NFAT1 /R26 ϩ mice are bred to CMV-Cre Cre/Cre mice, there is reduced representation of offspring that express the hyperactivable transgene (Fig. 2) . If, instead, global expression of hyperactivable NFAT1 is forced by breeding homozygous mice, the tissues of surviving progeny are variably mosaic for transgene expression, implying strong counterselection against developing transgenepositive cells (Fig. 3) .
Because Cre expression in the CMV-Cre mouse occurs before implantation (28) , the mosaic expression of hyperactivable NFAT1 in adult tissues of the surviving mice implies that Cre expression is transient, and that progenitor cells that escape the early wave of Cre-mediated deletion and therefore lack expression of hyperactivable NFAT1 have a competitive advantage over cells expressing the hyperactivable protein (Fig. S9) . Notably, the extent of this advantage correlates with the degree of hyperactivability of the NFAT1 protein. It is striking that the tissues that appear least tolerant of forced expression of hyperactivable NFAT1-brain, heart, and skeletal muscle-are prominent among those in which NFAT is known to be crucial for development and function (4) (5) (6) (7) (8) (9) (10) (11) . Our results also are consistent with a previous systematic analysis of physiological calcineurin substrates in yeast (37) . The docking affinities of these substates for calcineurin ranged from 15 to 250 M; an engineered inappropriate increase in the affinity of one such substrate, Crz1, improved yeast growth under high-salt conditions but was deleterious under conditions of growth at high pH (37) . Likewise, the hyperactivable NFAT1 that we have generated appears to be deleterious during embryogenesis but advantageous in terms of increasing cytokine production by cultured T cells.
During lymphocyte development from hematopoietic stem cells to terminally differentiated B and T cells, we observed a gradual decline of the expression of hyperactivable NFAT1 through different progenitor cell populations. This is most likely due to a mild inability of the AV-NFAT1-expressing cell populations to compete with cells in which the hyperactivable protein is not expressed. These findings are consistent with a previous report showing that as hematopoietic stem cells begin to differentiate, expression of all NFAT family members is downregulated (38, 39) ; in contrast, hyperactivable NFAT1 proteins expressed from the R26 locus would not be downregulated, and progenitor cells expressing these proteins, even at low levels, would display inappropriately sustained NFAT activity, potentially conferring a competitive disadvantage on those cell populations. NFAT1 has been shown to repress expression of the G 0 /G 1 checkpoint kinase cyclin-dependent kinase 4 (CDK4) (40) . Sustained expression of AV-NFAT1 from the R26 locus might thus lead to continuous repression of CDK4, which could at least in part explain the observed inability to compete of the AV-NFAT1-expressing cell populations. This consideration also could account for the peaks observed during T cell development which, remarkably, correspond exactly with the time points when either the pre-TCR or the TCR start to be expressed (35) : If hyperactivable NFAT led to a signal-dependent decrease in the rate of cell cycle transit, cells expressing the hyperactivable protein could potentially increase in number relative to nonexpressing cells at the checkpoint just before the pre-TCR/TCR signal was received. Alternatively, the hyperactivable NFAT might confer a signalspecific proliferation or survival advantage at these developmental stages. Microarray and ChIP-chip analyses of enriched cell populations will be needed to distinguish these possibilities.
Our experiments also provide insights into the evolutionary conservation of the docking interactions of NFAT proteins with 2 of their regulatory enzymes, calcineurin and CK1. The SPRI-EITPS Ͼ HPVIVITGP substitution of V-NFAT1 increases its affinity for calcineurin by 30-to 50-fold compared with the wildtype protein (from 25-30 M for SPRIEITPS to 0.5-1 M for HPVIVITGP) (41) , indicating that a reasonably small change in binding affinity for calcineurin (Ͻ2.5 kcal/mole) results in hyperactivability and heightened activation (and therefore dysregulation) of NFAT1. The decrease in CK1 affinity caused by the FSILF Ͼ ASILA substitution has not been accurately measured, but it is likely to be modest, because mutation of a similar sequence in a peptide from ␤-catenin did not have a significant effect on its efficiency of phosphorylation by CK1 (42) . Unexpectedly, even this degree of dysregulation of NFAT signaling led to a change in the ''fitness'' of cells and embryos that was detectable in a single generation. Expression of hyperactivable NFAT proteins later in development appears less deleterious to cellular fitness, however, suggesting that expressing hyperactivable NFAT at late developmental stages, or acutely in tissues of the adult (by breeding the R26 mice to Cre-ER mice, followed by tamoxifen administration, for instance), will be a valuable strategy for understanding the biological role of NFAT and identifying NFAT target genes in diverse tissues of interest. Cells from 6 R26 AV-NFAT1 /R26 ϩ , CD4-Cre transgenic mice (3 G6, 3 G7; G6 and G7 are 2 different clones of targeted ES cells that have been used for blastocyst injection) were isolated and expanded in IL-2. On day 5, cells were stimulated with 10 nM PMA, and various concentrations of ionomycin and IFN-␥ production were assessed by using intracellular cytokine staining and flow cytometry (Left) or using a cytokine bead assay to determine the accumulated IFN-␥ in the supernatant (Right) Identically treated CD8 T cells from CD4-Cre mice were used as controls. Each value represents the mean Ϯ SD.
